Currently corrective maintenance and time-based preventive maintenance strategies are widely used in wind power industry. However, few methods are applied to optimize these strategies. This paper aims to develop opportunistic maintenance approaches for an entire wind farm rather than individual components that most of the existing studies deal with. Furthermore, we consider imperfect actions in the preventive maintenance tasks, which addresses the issue that preventive maintenance do not always return components to the as-good-as-new status in practice. In this paper we propose three opportunistic maintenance optimization models, where the preventive maintenance is considered as perfect, imperfect and two-level action, respectively. Simulation methods are developed to evaluate the costs of proposed opportunistic maintenance policies. Numerical examples are provided to demonstrate the advantage of the proposed opportunistic maintenance methods in reducing the maintenance cost. The two-level action method demonstrates to be the most cost-effective in different cost situations, while the imperfect maintenance policy, which is a simpler method, is a close second. The developed methods are expected to bring immediate benefits to wind power industry.
Introduction
Wind, like solar and hydroelectric, is an important natural source that is essentially inexhaustible. Energy generated from wind is rapidly emerging as one of most important clean and renewable energy sources in the world. The huge potential and significant investment increase in generation capacity comes with the highly expected responsibility to manage wind farms to achieve the lowest operation and maintenance cost. To lower operation & maintenance cost as much as possible, more effective maintenance strategies need to be studied for successful future developments. A common goal of maintenance is to reduce the overall maintenance cost and improve the availability of the systems. The existing maintenance methods for wind power systems can be classified into failure-based, time-based, and condition-based maintenance (CBM). Failure-based (corrective) maintenance is carried out only after a failure occurs. In time-based maintenance, preventive maintenance is performed at predetermined time intervals. Condition-based maintenance applies the health condition prediction techniques to continuously monitor the components so that the components can be used the most effectively. However, with CBM, the availability of condition monitoring data is a big challenge for wind turbine systems today. Currently corrective maintenance and time-based preventive maintenance are widely used in wind power industry, which take advantage of ease of management, particularly in the case of extreme condition and high load associated with offshore farms. However, they have not been studied adequately and more effective methods need be developed. In addition, the existing methods for wind turbine systems deal with individual components, but pay much less attention to the wind farm as a whole which generally consists of multiple wind turbine systems, and each wind turbine has multiple components with different failure distributions. Economic dependencies exist among wind turbine systems and their components in the wind farm. Therefore, opportunistic maintenance approach may be more cost-effective by taking advantage of already allocated resources and time. In opportunistic maintenance, whenever a failure occurs in the wind farm, the maintenance team is sent onsite to perform corrective maintenance, and take this opportunity to simultaneously perform preventive maintenance on multiple turbines and their components which show relatively high risks. The other disadvantage of existing research is that preventive maintenance is commonly considered as replacement, which is the perfect action to renew a component. In practice, preventive maintenance does not always return components to the as-good-as-new status. An imperfect preventive maintenance or minor repair action may reduce cost over the life cycle by taking advantage of fewer workload and balanced availability. Spinato et al. described that the repair actions for wind turbine components can be an addition to a new part, exchange of parts, removal of a damaged part, changes or adjustment to the settings, software update, and lubrication or cleaning. 1 In the efforts to address the issues listed above, we propose a series of opportunistic maintenance optimization models, where preventive maintenance is considered as perfect, imperfect and two-level actions, respectively. These policies are defined by the age threshold value(s) at the component level. Based on failure distribution information of components, the age values of each component at each failure instant can be obtained, and the optimal policy corresponding to the minimum average cost can be decided. Simulation methods are developed to evaluate the costs of proposed opportunistic maintenance policies. Numerical examples will be provided to illustrate the proposed approaches. A comparative study with the widely used corrective maintenance policy will be used to demonstrate the advantage of the proposed opportunistic maintenance methods in reducing the maintenance cost significantly. The remainder of the paper is presented as follows. Section 2 reviews the current literatures related to opportunistic maintenance in wind power industry. Section 3 introduces the proposed opportunistic maintenance optimization models, and develops the simulation methods to evaluate the total average costs. In Section 4, numerical examples are provided to illustrate the proposed approaches, and a comparative study is conducted to demonstrate the advantage of proposed opportunistic maintenance methods. Section 5 concludes the paper with some discussions on future work.
Abbreviations:
CBM: condition based maintenance PM: preventive maintenance ANN: artificial neutral network MTTF: mean time to failure
Notations:
The total maintenance cost per turbine per unit of time; 
Review of Opportunistic Maintenance
For a multi-component system, a strategy called opportunistic maintenance can be used in many industries, and it is one of four maintenance strategies mentioned in Europe Wind Energy Report (2001) for European offshore wind farms. In opportunistic maintenance, the corrective activities performed on failed components can be combined with preventive activities carried out on other components. Opportunistic maintenance should be a considerable strategy for a wind farm because there are multiple wind turbines and a wind turbine has multiple components. Obviously economic dependencies exist among various components and systems in the farm. When a down time opportunity is created by the failed component, maintenance team may perform preventive maintenance for other components satisfying pre-specified decision rule. As a result, substantial cost can be saved comparing with separate maintenance. Applications of various maintenance policies have been reported in the literature. Laggoune proposed a policy for a hydrogen compressor, in which the components have different failure distributions. 2 The maintenance decision on a component is made based on the cost comparison of performing or not performing replacements, and the conditional probability was used to calculate the expected cost. Crockera used age-related policy to optimize the cost of one part of military aero-engine. 3 They performed Monte
Carlo simulation, and concluded that a potential benefit can be got from opportunistic maintenance performing on relatively cheap components. The policy presented by Mohamed-Salah et al. for a ball bearing system deals with the time difference between expected preventive maintenance time and failure instant. 4 The time difference factor is considered to decide an opportunistic maintenance action, and the threshold value is determined by cost evaluation. Kabir et al. studied a multi-unit system by assuming the lifetime of components following Weibull distribution with the same parameters. 5 They used a genetic algorithm technique to make an optimal decision for opportunistic replacement to maximize net benefit. However, the opportunistic maintenance application studies in wind power industry are very few. Tian et al. proposed a condition based maintenance approach where a preventive replacement decision is made based on the failure probability during maintenance lead time. 6 Artificial Neutral Network (ANN) technique is used to predict component's remaining life at inspection times. Knowing that some specific turbine will fail and the power production per day over a short summer period, Besnard specified the opportunity depending on both failure chance and real wind data. 7 They presented a cost objective function with a series of constraints, and accordingly an optimal maintenance schedule for a 5 turbines wind farm is suggested. Eunshin et al presented optimal maintenance strategies for wind turbine systems under stochastic weather conditions, using simulation-based approaches 8 . In the field of engineering maintenance, imperfect maintenance has been studied for production systems 9 and systems connected in series configuration 10 .
The Proposed Opportunistic Maintenance Approaches
In this section, three opportunistic maintenance strategies for wind farms are proposed, where preventive maintenance are considered as perfect, imperfect and two-level action, respectively. Simulation methods for the cost evaluation of the proposed policies are presented. We first define the imperfect maintenance actions in the following subsection.
Imperfect maintenance actions
In this work, it is assumed that all the wind turbines under consideration are identical, and the degradation processes of the wind turbine components are mutually independent. The maintenance time is negligible. Detailed explanations of the imperfect action are given below.
After maintenance, the age of component is reduced by ratio q (0 ≤ q ≤ 1), and the failure age is updated as good as new with probability q and remains at the old lifetime with probability with 1-q, i.e.,
For example, assume q=0.8, a gearbox's lifetime is 20yrs (
) and its age before maintenance is 8 years. And randomly a new one has lifetime of 25 years ( ) if we replace it. Thus, this gearbox's new age after maintenance will be 8-8×0.8=1.6 years, and the imperfect maintenance action changes its failure age to 25×0.8+ 20×0.2=24 years old. Suppose the imperfect maintenance cost is a function of q, which is given as follows
where Cp is the imperfect maintenance cost, is the variable preventive replacement cost if a 100% imperfect maintenance (i.e. replacement) is performed, and is the fixed maintenance cost. The idea is that when there is no imperfect maintenance, the cost is of course 0. If there is an imperfect maintenance action, regardless of the age reduction percentage, the fixed cost will be incurred. The imperfect maintenance cost increases with the age reduction factor q in a nonlinear fashion. In the example shown in Equation (2), we suppose it is in the form of , and it can take other forms in other applications. When the age reduction factor is equal to 1, the total preventive replacement cost is , which is equivalent to 100% age reduction (q=1).
The proposed opportunistic maintenance optimization models
As we mentioned earlier, the proposed opportunistic maintenance strategies are defined by the age threshold value(s), based on which a maintenance decision can be made on the components that reach this age value. Figure 1 generally illustrates the policy we propose. Suppose there is a failure occurring in the wind farm. The maintenance crew is sent to perform failure replacement, and take this opportunity to perform preventive maintenance on other qualified components. Suppose component i will be performed a preventive maintenance action on because its age reaches the threshold, which is p×MTTF i at this moment. The age of component j does not reach the threshold p×MTTF j so that a maintenance task will not be performed and it will continue to operate till the next opportunity, or it may fail first in the farm. For the components decided to perform preventive maintenance on according to the two-level action method to be introduced, two age thresholds p1 and p2 are applied (p2> p1). A preventive replacement is to be performed if its current age reaches the large age threshold p2×MTTF i , otherwise an imperfect maintenance action is to be performed since its age reaches the small age threshold. The proposed policies are based on the following assumptions or properties:  The failures of all components in a turbine system follow Weibull distribution, and the failure rate increases over time. It is also assumed that the practitioners have no problem in obtaining the failure time distributions for the components.  All wind turbines in the farm are identical, and the deterioration process of each component in a wind turbine system is independent.  Any component failure leads to the turbine system failure.

The corrective replacement time and preventive maintenance time are negligible. This is true in many applications, and it is also used to simplify the problem.  Suppose there are M wind turbines in the wind farm, and we consider K critical components for each turbine. In terms of preventive maintenance actions, we discuss them in three strategies presented in following subsections.
Strategy 1: opportunistic maintenance with perfect action only
 The maintenance policy is that corrective replacements are performed on demand, and we take this opportunity to perform preventive replacement (i.e. perfect action) on other components in the same and other turbine systems. The maintenance decision depends on the age of component at the failure instant. The detailed policy is explained as follows: 0<p1<p2<1 where p1, p2 are design variables corresponding to two age thresholds. The objective is to determine the optimal variable values to minimize the total expected maintenance cost per turbine per day.
The solution method
Due to the complexity of optimization problem in this study, we develop simulation methods to calculate the average cost for each strategy. Suppose the failure distributions of components are known, and the age values of each component at each failure instant can be obtained. The simulation processes of the proposed strategies do not have large difference from one another, and those differences will be detailed in the corresponding simulation steps. Figure 2 shows the flow chart of the simulation procedures in general. Details are explained as follows. Step 2: Failure replacement and cost update: regenerate new failure time for replaced component.
Step1: Simulation Initialization
Step 5,6: Calculate the expected total cost, modify the variable value and search for the minimum cost corresponding to the optimal variables values.
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Is the failure observed?
Is it the end of simulation?
Step 3: Opportunistic maintenance decision making, cost update, and component age and absolute failure time values update.
Step 1: Simulation Initialization. Specify the maximum simulation iterations I. Specify the number of wind turbines M and K components in a system. Specify the maximum value of design variables, p1, p2, q, which correspond to different policies. For each component k, specify the cost values including the failure replacement cost C fk , and preventive replacement cost C pv and C pf . The fixed cost C fix and the access cost C Access also need to be specified. The total cost is set to be C T =0, and will be updated during the simulation process. The Weibull distribution parameters α k and β k of each component are given, which are presented in Section 4. Step 3: Opportunistic maintenance decision making, and cost, age and time value update. For the rest of the components in the systems M, opportunistic maintenance decisions can be made according to the proposed strategies described in Section 3.2. At the moment of failure replacement, three maintenance policies are applied, respectively. The total cost due to preventive maintenances is updated as:
) where IP k,m =1 if a preventive maintenance is to be performed on component k in turbine m, and otherwise it equals 0. IA m =1 if any preventive maintenance is to be performed on turbine m, and it equals 0 otherwise. Note that Cp k represents the total preventive maintenance cost, and it varies with different q according to Eq. (2), where q can be considered to be maintenance effort. 
Note that in this strategy, q is a certain value determined as the optimal result in strategy 2, not a variable.
Step 4: After performing maintenance on all components, set i=i+1. If i does not exceed the maximum simulation iteration I, repeat step 2 and step 3.
Step 5: Total expected cost calculation. When the maximum simulation iteration is reached, which is i =I, the simulation process for the cost evaluation with current variable value is completed. The total expected cost per wind turbine per day can be calculated as:
If the maximum simulation iteration is not reached, repeat step 2, 3, 4 and 5. The expected total cost per turbine per day can be given by:
where, IP k,m =1 if preventive maintenance is performed on the component k in turbine m, otherwise IP k,m =0. IA m =1 if any maintenance is performed on the wind turbine system m, otherwise IA m =0. is the total length of I iterations.
Step 6: Search for the optimal value where the corresponding expected total cost per turbine per day C E is minimized. As can be seen, once the optimal values of variables p1, p2 and q are found, the optimal maintenance strategies are determined.
Numerical Examples
Opportunistic maintenance optimization using the proposed approaches
In this section, examples are used to demonstrate the proposed opportunistic maintenance approaches for wind turbine systems. Consider 10 2MW turbines in a wind farm at a remote site. To simplify the discussion, we study four key components in each wind turbine: the rotor, the main bearing, the gearbox and the generator. 9 We assume that the failures of all the components follow Weibull distribution with increasing failure rate. All wind turbines in the farm are identical and the components deteriorate independently. The failure distribution parameters α (scale parameter) and β (shape parameter), and the cost data are given in Table 1 . [12] [13] The cost data includes the failure replacement costs (C f ), the variable preventive maintenance costs (C pv ), the fixed preventive maintenance cost (C pf ), the fixed cost of sending a maintenance team to the wind farm (C fix ), and the turbine access cost (C Access ). The total maintenance cost can be evaluated using the proposed simulation method presented in Section 3.3. We present the optimization results for each proposed opportunistic maintenance strategy as followings.
Strategy 1. Perfect maintenance only
As shown in Figure 3 , the obtained optimal threshold age value for a component is 70% of its mean lifetime, and the optimal average maintenance cost per unit time is $185.2/day. Strategy 2. Considering imperfect maintenance As can be seen in Figure 4 , the optimal maintenance plan is that performing the imperfect maintenance action on the component whose age reaches p=50% of its average lifetime, and the best maintenance action is to reduce the age of component by q=60%. The optimal average maintenance cost per unit of time is $154.5/day. Figure 5 and 6 show the cost versus one variable plot while the other variable is kept at the optimal value, respectively. Strategy 3. Two-level maintenance Two-level maintenance defines that the low level maintenance is imperfect and the high level is perfect, and they are supposed to be performed at different age thresholds. A replacement will be considered when a component is older, while the imperfect action tends to be performed at the younger age. Based on the optimization result for strategy 2, the imperfect maintenance action of reducing the component's age by 60% is applied to this optimization problem. As can be seen in Figure 7 , the two-level maintenance model leads to the minimum cost of $153/day. Due to the constraint p2>p1 in this proposed model, note that the costs of area of p2<p1 in Figure 6 are set to be null and does not need any concern in this study. The optimal policy is that at the moment of a failure in the farm, imperfect preventive maintenance action is taken on the component whose age is between 50% and 110% of its mean lifetime, and preventive replacement is performed on the component whose age exceeds 110% of its mean lifetime. As can be seen from the optimization results for the three proposed opportunistic maintenance methods, the two-level action method is the most cost-effective comparing to the other two methods, and the imperfect maintenance method is the close second with a slightly worse performance. In this section, we investigate the advantage of the proposed opportunistic maintenance methods comparing to the corrective maintenance policy, where only failure replacement is performed when a component fails in the wind farm. In addition, we also investigate the methods under different cost situations. We use the same failure replacement cost and fixed cost data in Table 1 , and use a simulation method to evaluate the total average cost of corrective maintenance policy applied to the same wind farm, which consists of 10 2MW wind turbines. By applying the corrective maintenance policy, the total average cost per turbine per unit of time is found to be $237/day. In Section 4.1, the optimization results show the optimal average cost of $185.2/day, $154.5/day and $153/day for the proposed strategies with perfect action only, imperfect action and two-level action respectively. Thus, significant cost savings of 21.9%, 34.8% and 35.4% can be achieved comparing to the corrective maintenance policy, and the twolevel action method produces the lowest cost. In addition, we also investigate the optimized average cost under different cost situations. Previously the variable preventive maintenance cost was specified as one forth of failure replacement cost , and the total preventive maintenance cost for a component has the function of . In this comparative study, we compare the total cost with all combinations of different cost situations, among which cost function 2 is considered, is modified as /2, /4, /8, respectively, and the fixed preventive maintenance cost , the fixed cost C fix and the access cost C Access are modified as well. According to the optimization results, each combination shows that the two-level action method costs the lowest comparing to other proposed methods. However, the benefit of the two-level method is not significant comparing to the imperfect action method. Considering that the imperfect maintenance method is simpler comparing to the two level maintenance method, it might be more attractive in some applications. In addition, there are some findings when the cost varies in certain situations. The details are presented as follows. 1. Keeping the cost constant, the smaller is, the less the advantage of Strategy 2 is comparing to Strategy 1. 2. Keeping the cost constant, the smaller is, the more the advantage of Strategy 2 is comparing to Strategy 1. The optimization results for the proposed strategies and cost situations are given in Table  2 .
Conclusions
Maintenance optimization generates great benefits for many industries. However, it is relatively new for wind power industry, which has been growing very fast in recent years due to the highly increasing demand on clean and renewable energy. This paper aims to develop opportunistic maintenance approaches for an entire wind farm rather than individual components that most of the existing studies deal with. Furthermore, we consider imperfect actions in the preventive maintenance tasks, which addresses the issue Table 2 
Cfix=$50000
CAccess=$7000 models, where the preventive maintenance is considered as perfect, imperfect and twolevel action, respectively. Simulation methods are developed to evaluate the costs of proposed opportunistic maintenance policies. Numerical examples are provided to demonstrate the advantage of the proposed opportunistic maintenance methods in reducing the maintenance cost. The two-level action method demonstrates to be the most cost-effective in different cost situations. The imperfect maintenance policy, which is a simpler method, is a close second and might be more attractive in some applications. The developed methods are expected to bring immediate benefits to wind power industry. Future work will be conducted to find analytical methods to evaluate cost more accurately in the opportunistic maintenance optimization problems, and investigate various imperfect actions with different effects on reliability.
